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Abstract—Nano-C doped Fe-sheathed MgB2 tapes with different
doping levels were fabricated using a powder-in-tube method and
an in situ reaction. The effects of nano-C doping on the transition
critical temperature, microstructure, critical current density, and
flux pinning of MgB2 tapes were studied. Compared to the un-
doped tapes, critical current density c for all the C-doped samples
with different doping level was enhanced by more than an order
of magnitude in magnetic fields above 10 T. This result indicates
that flux pinning was effectively enhanced by the nano-C doping.
Highly dispersed nanoparticles and the substitutions of B by C are
proposed to be responsible for the improvement of c -B proper-
ties.
Index Terms—Critical current property, flux pinning, MgB2,
nano-C doping.
I. INTRODUCTION
COMPARED to conventional metallic superconductors,MgB has advantages of high transition temperature
and low raw material costs of both B and Mg [1], [2].
Indeed, superconducting MgB tape has been regarded as
one of the most promising materials for the next generation
of superconductor applications. Unlike the high- cuprate
superconductors where the current carrying capacity is limited
by weak links across grain boundaries, the critical current in
MgB is mainly determined by its flux pinning properties [3].
If MgB is to be useful in high fields, the flux pinning ability
must be enhanced. Various methods have been tried to improve
the flux pinning of MgB , such as high-energy ball milling [4],
irradiation [5], hot isostatic [6] or magnetic field processing [7]
and implementation of nanoparticles [8]–[10]. An increase of
upper critical field was in fact observed in MgB bulks
as well as in tapes and wires, showing a high degree of disorder
in the boron planes [11], [12].
Among all the methods, chemical doping is the most
promising way for large-scale applications. Many dopants have
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been attempted to increase or introduce pinning centers to
improve critical current density , notably in high magnetic
fields. Nano-C is a very suitable material for MgB doping, as
it can introduce effective pinning centers and improve the
of MgB [10], [13], [14]. Recently, we found that nanoscale C
doping can significantly enhance the values of MgB tapes
in high magnetic fields with only a slight reduction in , even
up to the highest doping level [10].
In this paper, we report our findings regarding the microstruc-
ture, magnetic field dependence of at 4.2 K for different C
doping ratio, and the flux pinning of the MgB tapes.
II. EXPERIMENTAL
Powders of magnesium (325 mesh, 99.8%), amorphous boron
(2–5 , 99.99%) and C (20–30 nm, amorphous) were used
for the fabrication of tapes by the in situ powder-in-tube (PIT)
method. The C doping ratio was varied from 2.5 to 20 at.%. The
sheath material chosen for this experiment was commercially
available pure Fe. The mixed powder was packed into Fe tube
of 8 mm outside diameter and 1.5 mm wall thickness in air.
After packing, the tubes were rotary swaged to rods of 5 mm
in diameter and then drawn to wires of 1.5 mm in diameter.
The wires were subsequently rolled into tapes. The final size
of the tapes was 3.2 mm in width and 0.5 mm in thickness.
Short samples (4 cm each), cut from the tapes, were wrapped
in Ta foil and heat treated at 800 for 1 h in flowing high-
purity Ar, and then cooled in the furnace to room temperature.
Undoped tapes and SiC doped samples were also prepared under
the same conditions for use as reference samples. Details of the
tape fabrication procedure have been described elsewhere [10].
The phase identification and crystal structure investigation
were carried out using powder x-ray diffraction (XRD). Mi-
crostructure and composition analyzes were performed using a
scanning electron microscopy (SEM) equipped with an x-ray
energy dispersion spectroscopy (EDX). DC magnetization mea-
surements were performed with a superconducting quantum in-
terference device (SQUID) magnetometer. The transport critical
current at 4.2 K and its magnetic field dependence were evalu-
ated at the High Field Laboratory for Superconducting Materials
(HFLSM) at Sendai, by a standard four-probe technique, with
a criterion of 1 . Magnetic fields were applied par-
allel to the tape surface by employing a newly developed 18 T
cryogen-free superconducting magnet [15].
III. RESULTS AND DISCUSSION
Fig. 1 shows the XRD patterns of the series of in situ pro-
cessed MgB tapes with different C doping levels. For the
1051-8223/$25.00 © 2007 IEEE
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Fig. 1. XRD patterns of undoped and C doped tapes sintered at 800 C. The
peaks of MgB indexed, while the peaks of MgO and Mg C are marked by
circles and asterisks, respectively.
Fig. 2. Temperature dependence of the DC magnetic susceptibility curves of C
doped and undoped tapes sintered at 800 C.
undoped samples, all the diffraction peaks are indicated to be
from the MgB phase except a few small peaks of MgO. Im-
purity phases such as Mg C were found in the XRD patterns
of nano-C doped samples as well as MgO. It can be seen that
the full width at half maximum (FWHM) of the XRD patterns
for doped samples is larger than that of undoped samples. This
broadening of the FWHM indicates inferior MgB crystallinity
and lattice distortion of the core MgB , which usually results
in an enhancement of flux pinning strength. At the same time,
an observable shift of the (110) peak to higher angles was
detected as a result of increasing C-doping ratio. This indicates
that the -lattice parameter was decreased by nano-C doping,
suggesting that some B sites were substituted by C [16].
The diamagnetic susceptibility data regarding the supercon-
ducting transitions for all the samples are shown in Fig. 2. The
enlarged transition width of the doped samples was attributed
to the impurities existed in the samples, corresponding to the
broadening of FWHM in XRD measurements. decreased
with increasing nano-C doping level, indicating that the C sub-
stitution in MgB actually occurred, consistent with recent re-
sults [14]. However, dropped only slightly even in the 15 at.%
doping level. This is very useful for the practical applications of
MgB .
Critical current densities in higher fields at 4.2 K for the un-
doped and nano-C doped samples are shown in Fig. 3. Ob-
viously, the values were significantly improved by nano-C
doping. For example, compared to undoped samples at 4.2 K,
Fig. 3. J   B properties of undoped and C doped tapes measured at 4.2 K.
The samples were heated at 800 C.
Fig. 4. Normalized volume pinning force (F =F ) versus magnetic field
(T) at 5 K and 20 K for undoped and C doped tapes sintered at 800 C.
10 T, an improvement more than 14-fold was found in 10 at.%
C doped samples, which is about . Further-
more, the magnetic field dependence of was lowered with
increasing nano-C doping level, similar to the result of [10]. It
is noted that the of the 2.5% sample is a little bit higher than
that of 5% tape. At present, the reason is not clear. It may be re-
lated to the inhomogeneity of deformation during the swaging,
drawing and rolling process. However, when the doping level is
higher than 10%, the values of doped samples decreased with
increasing C doping level. With increasing the doping ratio, the
volume of superconducting phase will be gradually decreased
and the added material may end up at MgB grain boundaries,
blocking current [17]. This will strongly decrease the fraction
of the cross-sectional area for superconducting current, which
was called the active cross section by Rowell et al. [18].
The highest value was observed in the 10 at.% C doped
samples in this work, which is different from our earlier study
[10], where the 5 at.% C doped tapes had the best values.
This may be due to the different sintering temperatures used
in the samples fabrication process. It has been suggested that
the sintering temperature has significant effect on the
properties of carbon doped MgB [13].
Nano-C doped samples have better flux pinning ability than
undoped samples, which is clearly shown in Fig. 4. Here
is obtained from the hysteresis in magnetization curves and is
normalized by the maximum volume pinning force at the
same temperature. It is clear that the pinning force of nano-C
doped tapes is much larger than for the undoped ones over 1
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Fig. 5. SEM image and EDX mapping of 10 at.% C doped MgB tapes after
peeling off the Fe sheath.
T. Also, the position of the maximum pinning force shifts to
higher field for all the temperature compared to undoped tapes,
suggesting that pinning centres effective in the high field region
were introduced by C doping. It is proposed that the crystal lat-
tice defects and nanoscale precipitates created by C doping can
serve as effective pinning centers to improve flux pinning.
Fig. 5 shows the SEM image and EDX mapping images of
10 at.% nano-C doped tapes sintered at 800 . SEM results
clearly revealed that there are much larger melted regions in
the C doped tapes, resulting in the better connectivity between
the MgB grains. Similar to the SiC doping [19], neither large
grains nor segregations of C were observed in the EDX mapping
for C doped samples, indicating that C particles were dispersed
homogenously.
It is known that pure MgB has only very few atomic-scale
dislocations and this was proposed to be responsible for its faint
flux pinning ability in high fields. However, in the nano-C doped
samples, the flux pining ability was significantly improved. The
lattice defects caused by the substitution of B by C, and the in-
clusion of the coherence-length scale impurities are believed to
be the main reason. Fig. 6 shows the doping-level dependence of
the lattice constants for the nano-C doped MgB tapes. It can be
seen that, with increasing C doping level, the lattice parameter
keeps unchanged, but the length of -axis decreased systemati-
cally, until the doping level reached 10%. The decrease in -axis
length indicates that a certain number of carbon atoms have sub-
stituted for boron atoms in MgB core, and the carbon substitu-
Fig. 6. Lattice parameters a and c for various carbon doping levels in nano-C
MgB tapes sintered at 800 C.
tion is more pronounced at higher C doping levels. This result
is consistent with those reported by other groups [11], [14].
Notably, the length of -axis becomes nearly invariable when
the nano-C doping level is higher than 10%. This means the
substantial ratio of C substitution is not increased any more.
The residual C may react with Mg and B to form Mg C or
remain in an unreacted form. It is noted that, at corresponding
doping ratio, the change in the lattice parameter in this work
is considerably lager than the -axis contraction for the samples
reported by Soltanian et al. [9]. The higher sintering temperature
and longer sintering time in this work may account for this, as
the C substitution ratio is significantly affected by these factors
[13].
IV. CONCLUSIONS
In summary, we have investigated the effect of nano-C doping
on the , , flux pinning, and microstructure of MgB tapes. It
is found that the values were significantly improved because
of the enhancement of grain linkages and the improvement of
flux pining by C doping. For the 10 at.% nano-C doped sam-
ples, was increased more than 14 times than the undoped
samples at 4.2 K, 10 T. The strong improvement of the flux pin-
ning ability was attributed to the substitution of B by C, and
the formation of nanoscale impurities such as Mg C . The high
performance of C doped MgB tapes indicates that MgB will
be a promising candidate for many practical applications.
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